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Epichloë festucae Fl1 in association with Lolium perenne synthesizes a diverse range of indole-diter-
pene bioprotective metabolites, including lolitrem B, a potent tremorgen. The ltm genes responsible
for the synthesis of these metabolites are organized in three clusters at a single sub-telomeric locus
in the genome of E. festucae. Here we resolve the genetic basis for the remarkable indole-diterpene
diversity observed in planta by analyzing products that accumulate in associations containing ltm
deletion mutants of E. festucae and in cells of Penicillium paxilli containing copies of these genes
under the control of a P. paxilli biosynthetic gene promoter. We propose a biosynthetic scheme to
account for this metabolic diversity.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Epichloë festucae is a symbiotic fungus (Clavicipitaceae, Ascomy-
cota) that systemically colonizes the intercellular spaces of vegeta-
tive and reproductive tissues of temperate grasses of the subfamily
Poöideae [1–3]. Previous studies have established that E. festucae
and related endophytes confer bioprotective beneﬁts to their host
plants [4–6], the best known being protection from insect and
mammalian herbivory [2,3].
Indole-diterpenes are one important class of bioprotective
metabolites synthesized by E. festucae in association with Festuca
and Lolium spp. [7]. The most abundant product in L. perenne asso-
ciations is the lolitremane, lolitrem B [8], a potent tremorgenic
mycotoxin responsible for the mammalian syndrome, known as
‘ryegrass staggers’ [5]. The structural similarity between lolitrem
B and paxilline, a paspalane that is an abundant metabolite of Pen-
icillium paxilli (Fig. 1A), suggests that the more complex indole-
diterpenes found in epichloae endophytes are derived from eitherchemical Societies. Published by E
osciences, Massey University,
.
iversity of British Columbia,
uate School of Bioagricultural
1, Japan.paxilline or proximate precursors such as paspaline [9]. Molecular
cloning and sequence analysis of the lolitrem B (ltm) biosynthesis
genes from E. festucae revealed a complex locus comprised of ten
genes, organized in three clusters, interspersed with transposon
relics [7,10] (Fig. 1B).
The ﬁrst cluster comprises three genes, ltmG, ltmM and ltmK,
two of which have been shown to be functional orthologues of
paxG and paxM, genes that encode enzymes required for early steps
in paxilline biosynthesis [10]. Recently, a fourth putative gene,
annotated as ltmS, has been identiﬁed in this cluster [11]. The sec-
ond ltm gene cluster comprises ﬁve genes, ltmP, ltmQ, ltmF, ltmC
and ltmB, four of which appear to be homologues of paxP (P450
monooxygenase), paxQ (P450 monooxygenase), paxC (prenyl trans-
ferase) and paxB (unknown function) [12–14] (Fig. 1B). The third
ltm gene cluster comprises two genes, ltmE and ltmJ, which are pre-
dicted to encode a multifunctional prenyl transferase and a cyto-
chrome P450 monooxygenase, respectively (Fig. 1B), and appear
to be required for the biosynthesis of lolitrem B, and lolitremanes
in general [15].
Although E. festucae ltmP and ltmQ appear to be P450 monoox-
ygenase homologues of P. paxilli paxP and paxQ, respectively, there
are differences with respect to the core structures of the major
indole-diterpenes that accumulate between the two fungi. In P.
paxilli, PaxP is required to convert paspaline to 13-desoxypaxilline
in a series of oxidation steps while PaxQ is required to convertlsevier B.V. All rights reserved.
Fig. 1. Indole-diterpene structures and biosynthetic gene clusters. (A) Structure of paxilline and lolitrem B. Ring names and positions of carbon atoms described in the text are
labeled. (B) A physical map of P. paxilli pax cluster (top) and the E. festucae ltm cluster (bottom). Homologous genes that are found in both clusters are shown by green arrows
and the genes that are unique to each cluster are shown by blue or pink arrows.
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P. paxilli accumulates 11,12-ene (see Fig. 1A for numbering system)
and 10-b-hydroxyl paspalanes (e.g., paxilline). However, E. festucae
accumulates 11,12-epoxides and 10-a-hydroxyl derivatives (e.g.,
lolitrem E and lolitrem B). Hence, there are likely to be functional
differences between these homologues accounting for the differ-
ences in stereochemistry and epoxidation.
The objective of this study was to analyze the function of ltmE,
ltmF, ltmJ and ltmK, which are unique to the ltm cluster as well as
ltmP and ltmQ, homologues of the functionally characterized genes,
paxP and paxQ, from P. paxilli, by chemical analyses of the paspal-
anes and lolitremanes that accumulate in E. festucae mutant sym-
biota and in P. paxilli containing E. festucae genes and fed
putative substrates.
2. Materials and methods
2.1. Fungal strains, endophyte inoculation and growth conditions
Cultures of Epichloë festucae strain Fl1 (PN2278) (Supplemen-
tary data, Table S1) were grown on 2.4% potato dextrose agar under
conditions described previously [16,17]. Inoculation of endophyte-
free seedlings of perennial ryegrass (Lolium perenne cv. Samson)
with E. festucae was performed by the method of Latch and Chris-
tensen [18]. Plants were grown and tested for the presence of
endophyte as described previously [19].
2.2. Molecular biology methods
The molecular biology methods used are as previously de-
scribed [19,20]. Sequences of PCR primers used in this study are
listed in Supplementary data, Table S2. The methods for the prep-
aration of deletion, complementation and expression constructs
used in this study are described in Supplementary data.
2.3. E. festucae and P. paxilli transformations
Protoplasts of E. festucae were prepared as described previously
[10,20]. Protoplasts were transformed with 5 lg linear PCR productampliﬁed from pPN178, pPN180, pPN182, pPN184 or pPN186 with
primer set pII99–2 and pII99–3 or co-transformed with 5 lg of cir-
cular pII99 and 10 lg of pPN179, pPN181, pPN183, pPN185 or
pPN187 as described in Supplementary data using the methods de-
scribed previously [21,22] Deletions were conﬁrmed by Southern
analysis (Supplementary data). Protoplasts of P. paxilli pax cluster
deletion mutant strain LMP1, LMQ226 and LM662 were prepared
and transformed with 5 lg of circular plasmids pII99, pSS56, or
pSS58 as described previously [23].
2.4. Feeding of substrate metabolites to fungal cultures and indole-
diterpene analysis
Indole-diterpene substrate metabolites paspaline and 13-des-
oxypaxilline were fed to P. paxilli cultures as described previously
[13]. P. paxilli mycelium was analyzed for indole-diterpenes by
normal-phase TLC and reverse-phase HPLC as described previously
[23]. Indole-diterpenes were extracted from P. paxilli mycelia and
perennial ryegrass tissue and analyzed by HPLC and MS as de-
scribed in Supplementary data.
3. Results and discussion
3.1. Analysis of E. festucae ltm deletion strains
To investigate the role of E. festucae Fl1 ltmQ, ltmF, ltmK, ltmE,
and ltmJ genes in lolitrem B biosynthesis and in symbiosis, disrup-
tion constructs for each ltm gene, were prepared and transformed
into E. festucae and knockouts identiﬁed by PCR and Southern
screening (Supplementary data, Fig. S1). The ltmQ-70 (DltmQ),
ltmF-11 (DltmF), ltmK-4 (DltmK), ltmE-94 (DltmE), and ltmJ-2
(DltmJ) mutants had similar culture and in planta growth and mor-
phology phenotypes to Fl1 wild-type. However, the indole-diter-
pene proﬁle of the ryegrass seedlings infected with these
mutants was distinct from those infected with the wild-type
(Fig. 2). APCI+ LC-MS analysis showed that paspaline (m/z
404 + 422) and 13-desoxypaxilline (m/z 402 + 420) were present
in all plant extracts (Fig. 2, Table 1 Group 2 ions) but none had
detectable lolitrem B (m/z 686) (Fig. 2, Table 1 Group 1 ions)
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biosynthesis and not in the biosynthesis of paspaline and 13-
desoxypaxilline.
3.2. Analysis of role of ltmQ and ltmP genes
Extracts of plant samples with the DltmQmutant had wild-type
levels of paspaline and high levels of 13-desoxypaxilline (Fig. 2,
Group 2 ions). No other paspalane with m/z > 422 was identiﬁed.
Introduction of a wild-type copy of ltmQ (pPN181; Supplementary
data, Fig. S1) into the DltmQ mutant restored lolitrem B, lolitriol
and lolitrem E biosynthesis (Supplementary data, Fig. S2) conﬁrm-
ing a role for ltmQ in lolitrem B biosynthesis and 11,12-epoxide
formation.
Given the paspalane 13-desoxypaxilline accumulated in the
ltmQ mutant treatment, the LC–MS data was critically examined
for a hypothetical lolitremane of otherwise equivalent structure.
A compound of this nominal mass (Calcd.m/z 586) with a retention
time (Rt) of 17.0 min was detected, but only in the ltmQ mutant.
High resolution ESI+ mass spectrometry, Calcd. m/z 586.3517 iden-
tiﬁed a compound (13-desoxylolilline; Fig. 5) that was consistent
with a lolitremane formula of C37H48O5N (Calcd. m/z 586.35270).
To determine the function of ltmP and ltmQ, an approach previ-
ously used for analyzing early steps in lolitrem biosynthesis wasFig. 2. LC–MS analysis of ryegrass samples infected with ltm gene knock-out strains. Pere
deletions of ltmQ, ltmF, ltmK, ltmE, or ltmJ. Samples of infected ryegrass were analyzed fo
extracted-ion chromatograms representing selected lolitremanes, simple paspalanes or
selection of compounds and corresponding ions chosen for each group chromatogram aused to dissect the biosynthesis of the more complex indole-diter-
penes such as 11,12-epoxy-paspalanes and lolitrem B [7,13]. How-
ever, the inability of ltmP or ltmQ to complement P. paxilli DpaxP
and DpaxQmutants suggests that ltmP and ltmQ are not functional
orthologues of the P. paxilli genes. The alternative approach of feed-
ing putative precursors to a P. paxilli pax gene cluster deletion
strain LM662 containing ltmP, ltmQ or both ltmP and ltmQ was
tested (Table 2). Extracts of paspaline-fed LM662/ltmP strains con-
tained b-PC-M6 (Supplementary data, Fig. S3), and two unknown
compounds with m/z 438 (IDT438a and IDT438b with Rt 14.7
and 16.5 min, respectively, Fig. 3A) identiﬁed as paspalane in-
dole-diterpenes based on their MS2 fragmentation spectra (Supple-
mentary data, Fig. S4). All three compounds had ions characteristic
of paspalanes including fragments arising from the cyclopentaind-
olic moiety (m/z 130, m/z 182) and from neutral losses of CH3rad-
ical and CH4 from the pendant gem-dimethyl group. These
compounds were also observed as products when paspaline was
fed to the LM662/ltmP/ltmQ strain, together with terpendole E
and terpendole F (Supplementary data, Fig. S5), and two further
unknown indole-diterpenes (IDT422 with m/z 422, Rt 23.48 min;
IDT452 with m/z 452, Rt 11.87 min) (Fig. 3B). The latter two com-
pounds also showed characteristic product ions of paspalane in-
dole-diterpenes, as above, in the MS2 spectra (Supplementary
data, Fig. S6).nnial ryegrass was infected with E. festucae Fl1 wild-type or its derivates containing
r indole-diterpenes by LC–MS. Data for each sample is presented as three groups of
prenylated paspalanes appropriately scaled for observed relative ion intensity. The
re listed in Table 1.
Table 1
Indole-diterpene APCI+ ions arranged in groups for ltm gene knock-out results.
Label Compound Retention time Rtb (min) Nominal ion masses (Da) Identiﬁcationa
Group 1 ions (lolitremanes) a Lolitriola 6.0 620 Rt, MS3
b Lolitrem J 9.1 662 Tentative
c Lolitrem Ba 23.1 686 Rt, MS3
d Lolitrem Ea 24.9 688 Rt, MS3
Group 2 ions (simple paspalanes) e 13-Desoxypaxillinea 15.2 402 + 420 Rt, MS3
f Paspalinea 28.0 404 + 422 Rt, MS3
Group 3 ions (prenylated paspalanes) g IDT534 14.9 534 New
h Terpendole Ma 16.0 536 Rt, MS3
i IDT518 19.7 518 Terpendole Kd
j Terpendole Ca 20.9 520 Rt
k IDT538 13.9 538 New
l IDT522 22.1 522 Terpendole Jd
m IDT590c 25.9 534, 536 Source fragments
a Identiﬁcation based upon cross reference to standards with same Rt and/or mass spectra to MS3 in LTQ ion trap, otherwise from reports of compounds known or likely to
occur.
b Rt ± 0.1 min (since sets of samples were analyzed at different time points).
c Compound seen only in the DltmJ treatment and considered to be a new indole ring prenylated indole-diterpene derivative of mass 589 with APCI+ MS1 spectrum
including base peak M + 1 at m/z+ 590 and fragments at 572, 554, 536, and 534.
d Compound previously reported in literature.
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paxilline (Supplementary data, Fig. S7) was observed as a product
at a low level in the extract, together with an earlier-eluting prod-
uct of m/z 436 (IDT436, Fig. 4A, Supplementary data, Fig. S8) that
was also found in the LM662 parent strain. A similar pattern of
products was observed in an extract of 13-desoxypaxilline-fed
LM662/ltmP/ltmQ strain (Fig. 4B, Supplementary data, Fig. S8), sug-
gesting that the unknown compound is not a product of either
LtmQ or LtmP.
The absence of any identiﬁable 11,12-epoxypaspalanes or
11,12-epoxylolitremanes in the ltmQ mutants in planta suggests
that ltmQ is essential for 11,12-epoxide formation. However 13-
desoxypaxilline, a metabolite accumulating in the DltmQ treat-
ment, when applied as a substrate in the P. paxilli LM622/ltmP/ltmQ
culture did not yield a recognizable 11,12-epoxide product or more
immediate precursor indicating that 13-desoxypaxilline does not
appear to be the intermediate for epoxide generation. Given that
the P. paxilli LM622/ltmP/ltmQ culture fed paspaline as substrate
yielded terpendole E and terpendole F, would suggest that LtmQ
and LtmP can sequentially oxidize paspaline to terpendole E and
terpendole F. Alternatively, LtmP converts paspaline to intermedi-
ate #1 which is oxidized by LtmQ to terpendole F. These com-
pounds are proposed as intermediates in lolitrem B biosynthesis
(Fig. 5). Interestingly, LtmP and PaxP appear to catalyse just a-face
oxidations and LtmQ and PaxQ b-face oxidations [13].
Despite no direct evidence for the pathway leading to 11,12-
epoxides, terpendole B is proposed as the ﬁrst 11,12-epoxide basedTable 2
Indole-diterpene product ions detected by ESI+ in LM662/ltmP and LM662/ltmP/ltmQ
strains.
Nominal ion m/z Retention time Rt (min) Compound Identiﬁcationa
422 19.5–20.7 b-PC-M6a Rt, MS2
422 23.5 IDT422 Novel
436 15.8–16.9 IDT436 Novel
436 16.4–17.6 Paxillinea Rt, MS3
438 14.7–16.0 IDT438a Novel
438 16.5–17.5 IDT438b Novel
438 18.3 Terpendole Ea Rt, MS3
452 11.9 Terpendole Gb Tentative
454 7.1 Terpendole Fa Rt, MS3
a Identiﬁcation based upon cross reference to standards with same Rt and/or
mass spectra to MS2 or MS3 in LTQ ion trap.
b Tentative identiﬁcation from MS2 and MS3 data and co-occurrence with ter-
pendole F and terpendole E.on the observation that it occurs in Albophoma yamanashiensis,
along with other terpendoles, notably terpendoles E, F, and G
[24,25], even though it was not identiﬁed in this study. The biosyn-Fig. 3. LC–MS/MS analysis of fungal cultures incubated with paspaline. Liquid
cultures of pax cluster deletion strain LM662 containing either ltmP (A) or both ltmP
and ltmQ (B) were incubated with paspaline. Extracts were analyzed for indole-
diterpenes by LC–MS/MS. Extracted-ion chromatograms from collision-induced
dissociation of MH+ ions of m/z 422 and 438 (A and B) and m/z 452 and 454 (B),
ﬁltered for product ions corresponding to characteristic neutral losses of 15 (CH3)
and 16 (CH4), and product ions of m/z 130 (C9H8N+) and 182 (C13H12N+) are shown.
Peaks marked with asterisks are also present in substrate.
Fig. 4. LC–MS/MS analysis of fungal cultures incubated with 13-desoxypaxilline.
Liquid cultures of pax cluster deletion strain LM662 containing either ltmQ (A) or
both ltmP and ltmQ (B) were incubated with 13-desoxypaxilline. Extracts were
analyzed by LC–MS/MS. Extracted-ion chromatograms from collision-induced
dissociation of MH+ ions of m/z 436, ﬁltered for product ions corresponding to
characteristic neutral losses of 15 (CH3) and 16 (CH4), and product ions of m/z 130
(C9H8N+) and 182 (C13H12N+) are shown.
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dation that involve either sequential action of LtmP and LtmQ or
discontinuous action of these two enzymes.
Alternatively, if LtmQ acts upon the a-face of paspaline to yield
terpendole E, this could serve as a substrate for LtmP conversion to
terpendole G and terpendole B. This would be a new variation upon
the diverse capabilities of CYP450 enzymes. Although terpendole E
was not observed in the present study of E. festucae, the related
lolitremane, lolicine A, is known to occur in N. lolii-infected Lolium
perenne [26]. The pathway proposed here also suggests an interme-
diate #3 as a potential new paspalane, but this compound has yet
to be identiﬁed.
3.3. Analysis of ltmF and ltmK genes
In addition to paspaline and 13-desoxypaxilline, the DltmF
plant samples contained lolitriol (m/z 620) and a small amount
of lolitrem J (m/z 662) (Fig. 2, Group 1 and Group 2 ions). This
chemical proﬁle was similar to that observed for wild-type sam-
ples except there was no production of lolitrem B or lolitrem E or
the O-prenylated paspalanes, terpendoles C and J. The introduction
of a wild-type copy of ltmF (Supplementary data, Fig. S1) into the
ltmF deletion mutant restored lolitrem B biosynthesis in ryegrass
plants inoculated with PN2436 (Supplementary data, Fig. S2). Ta-
ken together, these results attribute the role of 27-hydroxyl-O-pre-
nylation to LtmF.While the DltmK samples lacked lolitrem B and terpendole C
they did contain lolitrem E and two other paspalanes, IDT522 (m/
z 522, attributed to terpendole J) and IDT538 (m/z 538, a possible
hydroxylation product of IDT522) (Fig. 2, Group 1 and Group 3
ions). A minor product of m/z 688 (IDT688) eluted at a very similar
retention time to lolitrem B (Supplementary data, Fig. S2). This
product, if naturally occurring, would be subsumed within the lar-
ger m/z 688 lolitrem B isotopologue peak, under the LC–MS condi-
tions used. IDT688 is attributed to a stereoisomer of lolitrem E,
possibly similar to the known isomer difference between lolitrem
B and lolitrem F [27]. The introduction of a wild-type copy of ltmK
(Supplementary data, Fig. S1) into the ltmF deletion mutant re-
stored lolitrem B (m/z 686 ion) biosynthesis (Supplementary data,
Fig. S2). Lolitrem B was clearly absent in the DltmK sample (Sup-
plementary data, Fig. S9 panel C) but present in the complement
(Supplementary data, Fig. S9 panel E) and distinguishable from
IDT688 (Supplementary data, Fig. S9 panel D peak c). These results
indicate that ltmK is required for the oxidative acetal ring
formation.
3.4. Analysis of ltmE and ltmJ genes
Plant samples with DltmE or DltmJ mutants showed no detect-
able lolitremanes but did contain both simple (Fig. 2, Group 2 ions)
and O-prenylated paspalanes (Fig. 2, Group 3 ions) similar to those
present in wild-type. In addition an unknown of m/z 590 (IDT590)
was observed and is assumed to be a prenylated derivative of the
paspalanes that accumulate in these mutants due to an inability
to synthesize lolitremanes. The introduction of wild-type copies
of ltmE and ltmJ (Supplementary data, Fig. S1) restored Lolitrem
B biosynthesis (Supplementary data, Fig. S2) to these mutants.
These results are consistent with LtmE being required for C20-
and C21-prenylations of the indole ring of paspalanes and acting
together with LtmJ, a cytochrome P450 monooxygenase, to yield
lolitremanes by multiple oxidations and ring closures in a way spe-
cial to this class of compounds found so far only in some epichloae
endophytes. The stereoisomer pairs of lolitriol and lolitrem N or
lolitrem B and lolitrem F may be attributed to variations in the
way in which ring closure can occur under the action of LtmJ.
Although the order of action of LtmK must follow that of LtmF
and that of LtmJ must follow LtmE, the order of action of the other
gene products cannot be speciﬁed, in either qualitative or quanti-
tative terms. Not all of the broad range of paspalanes and lolitrem-
anes that have been catalogued [8] were detected in this study but
some maybe intermediates in the proposed metabolic grid (Fig. 5).
Further studies will be required to deﬁne all major pathways and
minor shunts associated with this very complex metabolic grid.
Although terpendole E was detected only where paspaline was
a substrate in a genetically modiﬁed fungal culture, the related loli-
tremane, lolicine A, is a reported minor metabolite attributed to
the endophyte N. lolii in perennial ryegrass [26]. Based on these
observations it is proposed that lolicine A is a product of just LtmQ,
LtmE and LtmJ acting upon paspaline. Although we found no evi-
dence for a lolitremane being made directly from paspaline by just
the action of LtmE and LtmJ we did detect 13-desoxylolilline, in the
DltmQmutant. This lolitremane is likely to be derived from the ac-
tion of LtmE and LtmJ on 13-desoxypaxilline (Fig. 5). Further a-face
oxidation by LtmQ would generate lolilline, a lolitremane found in
N. lolii infected perennial ryegrass [28]. Thus, it is very likely that at
some points in the pathways there are options concurrently lead-
ing to different metabolite outcomes.
In conclusion, we have provided signiﬁcant new insights into
the biosynthetic pathways for paspalanes and lolitremanes in the
grass endosymbiont, Epichloë festucae. While the major product
of this pathway is lolitrem B, the prenyl transferases and cyto-
chrome P450 monooxygenases identiﬁed in this pathway have a
Fig. 5. Lolitrem B biosynthesis scheme. A scheme for lolitrem B biosynthesis in E. festucae Fl1 that includes pathway options for both observed and hypothetical intermediates
and oxidation of paspaline by either the sequential or discontinuous action of LtmP and LtmQ.
2568 S. Saikia et al. / FEBS Letters 586 (2012) 2563–2569remarkable versatility in their regio- and stereo-speciﬁcities to
generate a diverse range of metabolites that are products of a met-
abolic grid rather than a linear pathway. This catalytic versatility
provides great opportunities for metabolic engineering of type
and yield of chemical product.
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